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FEASIBILITY STUDY OF AN 

ATMOSPHERIC ANALYSIS EXPERIMENT 

By F. J .  Brock 
NORTON RESEARCH CORPORATION 

1. INTRODUCTION 

I n  t h e  a n t i c i p a t e d  a n a l y s i s  of  t h e  atmosphere of Mars 
w i t h  an instrumented e n t r y  c r a f t ,  one of t h e  impor tan t  t asks  

i s  t o  develop a method of acqu i r ing  a cont inuous sample of 
t h e  atmosphere i n  a way which a s s u r e s  t h a t  a l l  c o n s t i t u e n t s  
of t h e  atmosphere r each  t h e  ana lyzer  wi th  t h e i r  o r i g i n a l  
r e l a t i v e  abundance preserved and t h a t  t h e  sampling appara tus  
makes no a l t e r a t i o n  of t h e  molecular s t r u c t u r e  of any of 
these c o n s t i t u e n t s  or in t roduces  any spur ious  s p e c i e s .  
T h i s  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of an i n v e s t i g a t i o n  of t h e  

f e a s i b i l i t y  of an unsca t t e red  molecular  beam probe sampling 
s y s  t e m .  

a 
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2. DISCUSSION OF METHODS 

There are a number of conceptual approaches that may 
be taken in the basic design of an atmospheric sampler for 
a high velocity entry craft. 

One of these is the conventiona1,ram pressure probe, 
with or without a limiting orifice. In this approach the 
high velocity flux incident on the probe entrance is admitted 
to a cavity where the gas is equilibrated and rethermalized 
to the temperature of the walls of the cavity. A fraction 
of this gas is subsequently admitted to the analyzer. It 
is obvious that in this system, and similarly in any equil- 
ibrium system, the high energy molecular flux collides with 
the surface of the apparatus repeatedly as it cools to the 
wall temperature. If the accommodation coefficient is high 
there will be only a few high energy collisions per molecule 
and if it is low there will be many high energy gas-wall 
collisions. The actual value of the accommodation coeffic- 
ient makes little difference in an equilibrium system since 
all the gas eventually admitted to the analyzer has exper- 
ienced a sufficient number of high energy collisions with the 
wall to equilibrate with the wall. At least the first, and 
perhaps the first few of these collisions are sufficiently 
energetic to alter the molecular structure since the collision 
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energy i s  above t h e  d i s s o c i a t i o n  energy of some molecular  
s t r u c t u r e s  and above t h e  e x c i t a t i o n  energy of many. Also 
t h e s e  c o l l i s i o n s  are s u f f i c i e n t l y  e n e r g e t i c  t o  desorb  a l l  
gases  p h y s i c a l l y  adsorbed on t h e  s u r f a c e  and many s p e c i e s  
t h a t  are chemical ly  adsorbed. 
an e n t r y  c r a f t  v e l o c i t y  of 5 K m / s e c ,  t h e  k i n e t i c  tempera ture  
of t h e  g a s  re la t ive  t o  t h e  c r a f t  is about  4 5 , O O O O K . )  A f t e r  

e q u i l i b r a t i o n  w i t h  t h e  w a l l  c e r t a i n  gas  s p e c i e s  may con- 
dense o r  be adsorbed on t h e  wa l l ,  e i t h e r  t o  remain and t h u s  
s p u r i o u s l y  lower t h e  r e l a t i v e  abundance of t h e s e  s p e c i e s  
admi t ted  t o  t h e  ana lyze r  o r  t o  be desorbed l a t e r  by bombard- 
ment and an i n c r e a s i n g  w a l l  temperature and t h u s  s p u r i o u s l y  
i n c r e a s e  t h e  r e l a t ive  abundance of t h e s e  s p e c i e s  admi t ted  
t o  t h e  a n a l y z e r .  

The e x i t  v e l o c i t y  of t h e  d i f f u s e  g a s  i n  t h e  c a v i t y  i s  
s m a l l  by comparison wi th  t h e  v e l o c i t y  of t h e  i n l e t  f l u x ,  
s i n c e  t h e  mean thermal  v e l o c i t y  o f  t h e  d i f f u s e  gas  i s  much 
smaller than  t h e  e n t r y  c r a f t  v e l o c i t y .  This  e f f e c t  y i e l d s  
a g a s  composition i n  t h e  e q u i l i b r a t i o n  volume which i s  a 
t i m e  average over t h e  i n t e r v a l  of t i m e  corresponding t o  t h e  

exhaus t  t i m e  c o n s t a n t  of t h e  c a v i t y  ( t h e  t i m e  r equ i r ed  f o r  
a g iven  sample of g a s  i n  t h e  c a v i t y  t o  d i f f u s e  back o u t  
t h e  i n l e t  p robe ) .  The gas  sample admit ted t o  t h e  ana lyze r  
t h e r e f o r e  i s  n o t  r e l a t e d  t o  t h e  l o c a l  a tmospheric  composition, 
b u t  ra ther  t o  t h e  average composition of t h e  atmosphere t h r u  
which t h e  e n t r y  c r a f t  has  r e c e n t l y  passed.  

(For a C 0 2  atmosphere and 

0 
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Consider a system in which a serious attempt is made 
to pump the equilibration cavity. The response time of the 
pumped cavity must be sufficiently short that the sample of 
gas admitted to the analyzer at any instant of time is, in 
fact, a sample of the local atmosphere at the instantaneous 
height of the entry craft. The magnitude of this problem 
may be appreciated from the following illustration. Suppose 
the equilibration cavity has a volume of the order of 1 
liter and suppose that the maximum allowed error in height 
assigned to an instantaneous gas sample is of the order of 
1 kilometer. The entry craft travels a distance of 1 km in 
about 0.2 sec., minimum. For the gas composition in the 
equilibration volume to accurately represent a composition 
average over a height of 1 km, the decade time constant of 
the cavity-pump combination must be of the order of 0.1 sec. 
This implies that the probe tube and equilibration volume 
may not be allowed to load up with gas such that the mean 
free path is short compared with the total length of the 
probe plus equilibration volume, since under this condition 
the gas entering the probe could reach the analyzer by vis- 
cous diffusion only, which for  a reasonable length probe 
would require much more than the 0.1 sec. available. It is 
therefore necessary to pump the equilibration volume such 
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that the equilibrium gas density is maintained sufficiently 
low that the mean free path is greater than the probe 
length. For a probe length of the order of a few inches 
(say, 10 cm) the pressure must be less than Torr. 
Assuming a probe diameter of the order of 0.25 inch and 
supposing it is required to obtain an atmospheric sample 
down to 40 Km above the surface of Mars, it turns out that 
the required pumping speed for the equilibration volume is 
of the order of 5000 liters/sec. 

There is a rather obvious way to circumvent the pump 
problem, although it solves none of the other problems men- 
tioned above. Since the entry craft velocity is very much 
greater than the mean thermal velocity of the undisturbed 
atmosphere, the installation of an aft facing (very large) 
exhaust port is equivalent to a nearly perfect pump having 
the same speed as the port speed (until the entry craft 
velocity approaches the mean thermal velocity of the un- 
disturbed atmosphere). 

a 
In an effort to also solve some of the problems men- 

tioned previously along with the pump problem, the exhaust 
port concept may be extended until the entire analysis 
system is exposed. Unfortunately, it appears that there 
is no practical goemetrical configuration for such an 
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instrument that does not also suffer from many of the de- 
fects discussed previously. In particular, it is obvious 
that gas will scatter off the electrodes and support struc- 
ture of the instrument into (or thru) the ionization region. 
A l s o ,  molecular bombardment and an increasing electrode 
temperature will liberate gases which tend to,move along 
with the instrument, drifting into the ionization region 
and introducing spurious species in the composition meas- 
urement. 

All the above concepts suffer from two common prob- 
lems: shock waves and aerodynamic heating. Their size is 
sufficiently large that continuum flow effects, such as 
shock waves and pressure gradients begin to appear at rela- 
tively low densities (high altitudes). For example, a 
typical size conventional pressure probe would encounter 
trouble somewhere between 7 5  and 100 km above the surface 
of Mars and an exposed analyzer, because of its somewhat 
larger dimensions would encounter trouble at even higher 
altitudes. The molecular composition of a sample obtained 
behind a shock wave is, of course, only remotely related 
to the molecular composition of the undisturbed atmosphere. 
The altitude at which shocks begin to appear can only be 
lowered by reducing the size of the sampling system (or 
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of cour se ,  t h e  e n t r y  craf t  v e l o c i t y ) .  Aerodynamic h e a t i n g  
o r  more p r e c i s e l y ,  g a s  en tha lpy  h e a t i n g  cannot  be subs tan-  
t i a l l y  reduced (except ,  of course ,  by reducing t h e  e n t r y  
c r a f t  v e l o c i t y ) .  However, i n  t h e  system desc r ibed  below 
t h e  h e a t  i n p u t  r a t e  i s  about  a s  l o w  as  it i s  p o s s i b l e  t o  
achieve. F u r t h e r ,  t h e  s i z e  of tHe sampler i s  s u f f i c i e n t l y  
s m a l l  t h a t  t h e  appearance of shock waves i s  s u b s t a n t i a l l y  
de layed ,  a t  l eas t  a t  those  p o i n t s  where they  cannot be t o l -  
e r a t e d  ( t h e  g a s  i n l e t ,  for  example).  

3. UNSCATTERED MOLECULAR BEAM SAMPLER 

The remainder of t h i s  r e p o r t  d e s c r i b e s  and ana lyzes  
an atmospheric  sampler which d e l i v e r s  t o  t h e  ana lyze r  an 
u n s c a t t e r e d  molecular  beam. I t  i s  obvious t h a t  an unsca t -  
tered beam (molecular  f l u x  w h i c h  has encountered no c o l l i s -  
i o n s )  must n e c e s s a r i l y  be an  exac t  sample of t h e  undis turbed  
atmosphere. It i s  perhaps,  more complicated t o  ana lyze  
t h a n  other  samplers b u t  it either avoids  o r  minimizes a l l  
t h e  problems d i scussed  previous ly .  T h e  sampler i n t e g r a t e s  
n a t u r a l l y ,  i n t o  a complete atmospheric a n a l y s i s  experiment 
for use  on an atmospheric  e n t r y  c ra f t  (see schematic  below).  

a 
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The sampler c o n s i s t s  of a p a r a l l e l  bundle of  s m a l l  
diameter tubes  having a moderately l a r g e  l e n g t h  t o  d iameter  
r a t i o ,  mounted i n  t h e  end of a suppor t  tube .  
t ubes  have a s m a l l  d iameter  and t h e  gas  t ransparency  of  
t h e  bundle i s  high t o  d e l a y  (du r ing  atmospheric  e n t r y )  t h e  
appearance of continuum flow e f f e c t s  (such as shocks and 
p r e s s u r e  g r a d i e n t s )  t o  t h e  minimum h e i g h t  p o s s i b l e .  The 

h igh  t r anspa rency  a l s o  minimizes g a s  en tha lpy  hea t ing .  The 
tubes  are moderately long t o  y i e l d  a w e l l  d i r e c t e d  beam and 
provide s t r u c t u r a l  s t a b i l i t y .  

f o r  a moment and g i v e  a b r i e f  d e s c r i p t i o n  of  t h e  o t h e r  sub- 
systems i l l u s t r a t e d  i n  t h e  s k e t c h  above. 

T h e  sampler suppor t  s t r u c t u r e  i s  provided wi th  s e v e r a l  
a f t  f a c i n g  pumping p o r t s  t o  a l low t h e  gas  which accumulates 
i n  t h e  suppor t  tube  t o  d i f f u s e  overboard.  Seve ra l  l i m i t i n g  
a p e r t u r e s  s e p a r a t e  t h e  s a m p l e r  subsystem from t h e  measure- 
ment subsystems. The l o c a t i o n  and diameter  of  t h e s e  aper -  
t u r e s  are  such t h a t  most of t h e  u n s c a t t e r e d  beam from t h e  

sampler pas ses  i n t o  t h e  ana lyze r s  bu t  on ly  a s m a l l  f r a c t i o n  
of t h e  d i f f u s e  g a s  reaches the  ana lyze r s .  

The sampler 

A t  t h i s  p o i n t  i t  i s  considered a p p r o p r i a t e  t o  d i g r e s s  

The u n s c a t t e r e d  beam f i r s t  pas ses  through t h e  energy 
ana lyze r .  A f r a c t i o n  of  t h e  beam i s  ion ized .  The i o n s  are 
e x t r a c t e d  and then  d r i f t  i n t o  a r e t a r d i n g  p o t e n t i a l  r eg ion .  
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Those t h a t  have s u f f i c i e n t  energy t o  pass  t h r u  t h e  r e t a r d -  
i n g  g r i d  are d e f l e c t e d  o u t  of t h e  beam and c o l l e c t e d .  
vary ing  t h e  e f f e c t i v e  r e t a r d i n g  p o t e n t i a l  from ze ro  t o  some 
s u f f i c i e n t l y  l a r g e  va lue  w h i l e  measuring t h e  i o n  c u r r e n t  
corresponding to  those i o n s  t h a t  have s u f f i c i e n t  energy t o  
pass  t h r u  t h e  r e t a r d i n g  r e g i o n ,  t h e  energy d i s t r i b u t i o n  of 
t h e  molecular  f l u x  may be determined. From t h i s  d a t a  t h e  

thermal  v e l o c i t y  d i s t r i b u t i o n  o r  tempera ture  of t h e  undis-  
t u rbed  atmosphere may be determined. 

reg ion  of t h e  mass ana lyze r  where some f r a c t i o n  of the  beam 
i s  ion ized .  T h e s e  i o n s  are then  e x t r a c t e d  from t h e  i o n  
source  and mass analyzed.  The ou tpu t  of t h e  mass ana lyze r  
i s  c o l l e c t e d  by a n  o f f - a x i s  e l e c t r o n  m u l t i p l i e r  and t h e  
abundance of each s p e c i e s  determined. 

By 

The unsca t t e red  beam then  passes  i n t o  t h e  i o n i z a t i o n  

The beam f i n a l l y  pas ses  i n t o  t h e  ion  source  of t he  
a t t i t u d e  sensor .  The e x t r a c t e d  i o n  c u r r e n t  i s  collected 
on a c i r c u l a r  d i s c - t a r g e t  c o n s i s t i n g  of f o u r  s e p a r a t e  quad- 
r a n t s .  The d i f f e r e n c e s  i n  t h e  i o n  c u r r e n t s  collected i n  
oppos i t e  quadrants  are measured w i t h  d i f f e r e n t i a l  electro- 
meters. I f  the e n t r y  c r a f t  v e l o c i t y  v e c t o r  c o i n c i d e s  w i t h  
t h e  beam re fe rence  a x i s ,  t h e  i o n  c u r r e n t s  c o l l e c t e d  i n  each 
quadrant  are t h e  same and t h e  o u t p u t s  of both  d i f f e r e n t i a l  
electrometers a r e  zero.  As t h e  e n t r y  c r a f t  p i t c h e s  or  yaws 
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the unscattered beam no longer coincides with the reference 
axis and the ion current collected in one quadrant increases 
while in the opposite quadrant decreases, 
differential electrometer output, which is proportional to 
the beam deflection angle (pitch or yaw)v is applied to 
the input of the attitude control loop as an attitude 

The resulting 

error signal calling for an attitude control torque in the 
direction to realign the attitude of the entry craft, 

ments may be made continuously&, 
has particular advantages, 
will depend on such parameters as entry craft speed, altitude 
resolution required in successive composition measurements 
of the atmosphere and the response time of the electronics, 

describe the flow phenomena in terms of the collision processes 
which an incoming gas molecule encounters within a single tube, 
Since the tube bundle diameter is very much smaller than the 
sampler-to-analyzer distance, the sampler occupies a very 
small solid angle as seen from the analyzer, Further the un- 
scattered exit fluxes from the tubes do not interact with 
each other since their molecular densities are relatively lowd 
their "static" temperature is low and the time of flight is 
very short, Therefore the total flux reaching the analyzer 
is simply the sum of the exit fluxes from all the tubes, 

The unscattered beam may be time-shared or all measure- 
Each mode of operation 

The choice of mode of operation 

Resuming a discussion of the sampler, it is convenient to 

0 
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A fraction of the high velocity gas flux incident on the 
entrance of the tube is transmitted thru the tube without 
colliding with the tube wall, the remainder collides with 
the tube wall where it is assume'a (in the analytical model 
used here) to accommodate to the wall temperature and is 
then reemitted as a diffuse gas., There are therefore two 
components of the gas flux thru the tube: one consists 
of that part of the high velocity inlet flux which is trans- 
mitted directly thru the tube, and the other consists of 
that part of the inlet flux which collides with the wall 
and is converted to a relatively low velocity diffuse gas 
which then diffuses out of the tube, The fraction of the 
flux incident upon the tube entrance which is directly 
transmitted is only a function of the speed ratio (entry 
craft speed/most probable thermal speed in undisturbed atmos- 
phere) and length to diameter ratio,, (Strictly,; it is also 
a function of the angle of attack but for small angles of 
attack (near zero) the dependance is rather weak, For pur- 
poses of clarity, only a zero angle of attack is considered 
here,) For high speed ratiosg the directly transmitted flux 
is the major fraction of the incident flux, If the flux 
density incident on the tube entrance i s  sufficiently lowp 
the fraction of this flux which is scattered off the tube 
wall and is thus converted to a diffuse gas flux, produces 
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a relatively low density diffuse gas within the tube. Under 
this condition substantially all the directly transmitted 
flux passes thru the tube without colliding with diffuse gas 
molecules in the tube. As the inlet flux increases (as the 
undisturbed atmospheric density increases) the magnitude of 
both the directly transmitted flux and the diffuse flux in 
the tube increases. The directly transmitted flux must now 
pass thru a tube within which the gas density is higher. 
This implies a higher probability that a directly transmit- 
ted molecule will collide with a diffuse gas molecule before 
it has moved out of the tube. This solution to the sampler 
problem is therefore restricted to an atmospheric density 
range such that a useful fraction of the directly transmit- 
ted flux exits from the tube without having been scattered 
by the diffuse gas in the tube. 

encountered no gas-wall and no gas-gas collision. It is 
this unscattered beam which exactly corresponds to the un- 
disturbed atmosphere so long as the diffuse gas density in 
the tube is sufficiently low that only a small fraction of 
the directly transmitted beam is lost by gas-gas scattering. 
A mass analysis of this unscattered beam (while the beam 
remains in-flight) therefore must yield an exact definition 
of the undisturbed atmosphere. As the diffuse gas density 

This exit beam clearly consists of molecules which have 
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in the tube increases the unscattered beam flux decreases. 
Eventually, a sufficiently large fraction of the directly 
transmitted flux is scattered out of the exit beam and thus 
the beam flux is no longer related, with precision, to the 
undisturbed atmospheric density. This defines the minimum 
height (maximum density) at which the sampler is operable. 

ating that this sampler concept is practicable, are: to 
derive an exact relation between the unscattered exit flux 
from the sampler (the beam which enters the analyzer) and 
is subsequently analyzed and the molecular density in the 
undisturbed atmosphere ahead of the entry craft; to estab- 
lish the molecular density of the undisturbed atmosphere, 
above which gas-gas scattering within the tube is no longer 
negligable (scattering of the transmitted beam by the dif- 
fuse gas within the tube); to show that only a negligable 
fraction of the diffuse gas effusing thru the tube exit can 
reach the analyzer; to establish the molecular density of 
the undisturbed atmosphere above which continuum flow effects 
are no longer negligable in the operation of the sampler; 
and from the upper limit of the gas enthalpy flux incident 
on the sampler, establish the molecular density of the un- 
disturbed atmosphere above which the resulting sampler temp- 
erature exceeds its useful limit. 

Therefore, the fundamental tasks involved in demonstr- 
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a 
The r e s u l t s  Of i n v e s t i g a t i o n s  i n t o  t h e s e  problems are 

p resen ted  i n  subsequent s e c t i o n s  of t h i s  r e p o r t .  

3.1 Flow Analys is  

Consider a s i n g l e  tube  of l e n g t h  L and r a d i u s  r and 
suppose t h a t  t h e  tube  i s  moving t h r u  t h e  g a s  w i t h  a v e l o c i t y  
u ,  i n  a d i r e c t i o n  p a r a l l e l  to  t h e  tube  a x i s .  The g a s  mole- 
c u l e s  i n c i d e n t  on t h e  tube  en t rance  may come from anywhere 
w i t h i n  t h e  ha l f - space  i n  f r o n t  of t h e  tube .  However, fo r  a 
g a s  molecule t o  p a s s  t h r u  t h e  t ube ,  i t s  t o t a l  v e l o c i t y  
v e c t o r  r e l a t i v e  t o  t h e  tube  ( i n  a r e f e r e n c e  system moving 
w i t h  t h e  tube )  must be d i r e c t e d  i n t o  t he  c o n i c a l  space shown 
i n  t h e  i l l u s t r a t i o n  below. I n  t h i s  r e f e r e n c e  system, the 

t o t a l  molecular  v e l o c i t y  i s  t h e  vector sum of t h e  tube  ve- 
l o c i t y  and t h e  molecular  thermal v e l o c i t y .  Thus, on ly  those 
molecules  which are i n c i d e n t  on t h e  tube  en t r ance  have any 
p o s s i b i l i t y  of pas s ing  t h r u  t h e  tube .  But on ly  a f r a c t i o n  
of these molecules can a c t u a l l y  pas s  completely t h r u  t h e  
t u b e  wi thout  c o l l i d i n g  wi th  t h e  tube  w a l l .  This  f r a c t i o n  con- 
s is ts  of molecules which have t o t a l  v e l o c i t y  components such 

t h a t  + < t a n  - 1  [F]. Some t y p i c a l  sets of molecular  v e l o c i t y  
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components are shown in the illustration below. 

- 

i 

I ‘ \  

, t= rf 1 * j : : i  
Sca tered by Tube Wall 

V r 

Obviously, the molecules which are incident on the tube 
entrance which are not transmitted thru the tube, must 
collide with the inside wall of the tube. 

The fraction of the flux incident on the tube entrance 
the which is transmitted thru the tube depends on z,u 

length to diameter ratio, and on the speed ratio - where 
u is the probe speed and vm is the most probable moyecular 
speed (thermal) in the undisturbed atmosphere. 

As the speed ratio increases the fraction of the flux 

X 

V I  
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i n c i d e n t  on t h e  t u b e  en t rance  which i s  t r a n s m i t t e d  t h r u  t h e  
tube  i n c r e a s e s ,  s i n c e  a t  t h e  h i g h e r  speed r a t i o  t h e  molecules 
pas s  t h r u  t h e  tube  i n  a smaller t i m e  i n t e r v a l  and t h u s  have 
less t i m e  t o  t r a v e l  a c r o s s  t h e  t ube  and s t r i k e  t h e  w a l l .  
Th is  i s  i l l u s t r a t e d  i n  t h e  s k e t c h  below. 

V 
1: 

ansmitted 

For a f i x e d  speed r a t io  (of  any va lue )  t h e  f r a c t i o n  of  t h e  

f l u x  i n c i d e n t  on t h e  tube  en t rance  which i s  t r a n s m i t t e d ,  i n -  
creases a s  t h e  l e n g t h  t o  diameter  r a t i o  dec reases  and a s  t h e  
t u b e  approaches t h e  geometr ica l  c o n f i g u r a t i o n  of an a p e r t u r e ,  

1 7  



all the flux incident on the entrance is transmitted. For 
relatively high speed ratios, the molecular flux incident 
on the inside wall of the tube, collides with the surface 
at a relatively high velocity (on the average). The mole- 
cules lose some energy in the collisions with the wall. 
However a theoretical description has not yet been devel- 
oped forthe molecule-wall collision process which correctly 
accounts for the energy loss in the collision (according 
to existing experimental data). In order to proceed beyond 
this point it is necessary to make some assumption about 
the energy distribution of the molecules reflected from 
the wall. The most conservative assumption that can be 
made is, that the molecules are diffusely reflected from 
the wall with a mean thermal velocity corresponding to the 
wall temperature. This assumption has two important advan- 
tages: 1) Considering the possible assumptions which are 
somewhat realistic, this one is the most conservative in 
the sense that it underestimates the maximum density at 
which the probe will function since it leads to the maxi- 
mum possible value for the density of the diffuse gas within 
the tube; 2) This assumption substantially reduces the com- 
plexity of the necessary computations encountered in proceed- 
_ing beyond this point. In fact, it is about the only asswnp- 
tion (with one possible exception) which permits any substantial 
analytical progress beyond this point. 

18 



Proceeding under the diffuse reflection assumption, the 
gas flux incident on the tube wall (inner surface) is com- 
pletely accommodated at the wall and is reemitted with a 
Maxwellian velocity distribution corresponding to the wall 
temperature, and the reemitted flux angular distribution 
is symmetric about the local surface normal and the flux 
density (flux/unit solid angle) is proportional to cos 8 ,  

where 0 is the angle of emmission measured from the normal. 
Thus, the tube wall acts as a sink for the incident flux 
of high velocity molecules, and as a source for the rela- 
tively low velocity diffuse gas molecules. From particle 
conservation, the diffuse gas flux originating from unit 
area of the tube wall must be equal to the incoming high 
velocity gas flux incident on unit area of the wall. 

flux incident on the tube entrance which is also transmitted 
thru the area of a tube cross-section located at x, some 
arbitrary distance down the tube. The required function is 
thus an expression for the flux distribution along the tube 
length (the high velocity flux which has survived without 
collisions up to x, as a function of x). The gradient of 
this flux distribution is the beam flux lost by collisions 
in unit length of the tube. This is also the source of 
diffuse gas in unit length of the tube. 

An analytical expression must now be developed for the 
0 
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In calculating the flux,incident on a probe tube and 
the flux transmitted directly thru a tube, it is convenient 
to use a coordinate system which moves with the probe. The 
undisturbed gas ahead of the entry craft is considered Max- 
wellian. In this coordinate system, the probe velocity u 
is superposed on the random molecular velocity, resulting 
in a velocity biased Maxwellian gas (drifting Maxwellian 
gas). It is assumed that the velocity u is anti-parallel 
to the x-axis (zero angle of attack) which is taken to coin- 
cide with the longitudinal axis of the probe tube. 
velocity biased distribution function may be written 

The 

- w  where: q = - , 
vm 

n molecular number density in the undisturbed 
atmosphere 

vm most probable thermal velocity 

w2 = (vx-u) 2+ v2 + v'z 
Y 

v v v E thermal velocity components in the 
rest frame of reference. x' y '  2 
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a 
Transforming t o  s p h e r i c a l  c o o r d i n a t e s ,  and d e f i n i n g  t h e  

dimensionless  v e l o c i t y  

and t h e  speed r a t i o  

t h e  d i s t r i b u t i o n  func t ion  may be w r i t t e n  

The f l u x  d e n s i t y  ( f l u x / u n i t  area normal t o  t h e  tube  
a x i s )  i n c i d e n t  on t h e  tube  en t rance  f r o m  an ang le  $ with  
t h e  tube  a x i s  w i t h i n  d$I  i s  

Performing t h e  i n d i c a t e d  i n t e g r a t i o n s  g i v e s  
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The f r a c t i o n  of t h e  f l u x  i n c i d e n t  f r o m  4 on t h e  tube  
x of t h e  tube  wi thout  en t r ance  which p a s s e s  t h r u  a l eng th  

c o l l i d i n g  w i t h  t h e  w a l l  i s ,  from t h e  s k e t c h  below 

I t  may be seen from t h e  ske tch  below t h a t  

YM 5, 
1 

A (XI 
dA = 1 4rsinydy = 4 r 2  / s in2ydy ,  

0 0 

o r  

where 
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\ /- - 
/ 

k 

%lax- \ y  

X =--tan$ “max 2r 

a 
There fo re ,  t h e  f r a c t i o n  of  the f l u x  i n c i d e n t  from $ 

which i s  d i r e c t l y  t r a n s m i t t e d  t h r u  t h e  tube  a t  least  a s  f a r  
a s  X ( cons ide r ing  t h e  p o s s i b i l i t y  of gas-wall  c o l l i s i o n s  
o n l y )  i s  

Consider now t h e  e f f e c t  o f  gas-gas s c a t t e r i n g .  I f  t h e  
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tube contains a diffuse gas having a density distribution 
n(x) 
cule (which would have reached x with certainty in an 
empty tube) will now reach 
an angle $ with the x-axis (without colliding with a dif- 
fuse gas molecule) is 

the probability that an incident high velocity mole- 

x along a trajectory which makes 

This is obtained from the survival equation and the above 
sketch. The survival equation states that the fraction 
that remains at x 

f(x) = e-pcx , (15) 

where Pcgcollision probability/unit length. 
form density distribution n(x), the total collision pro- 
bability up to x is 

For a nonuni- 

where dyEintegration increment along the molecular trajec- 
tory which makes an angle 4 with dx. That is 

(17) dy = (l+tan2$) 4 dx 

from the above sketch. Normalizing dx by setting 
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dX,eal dX = 

g i v e s  t h e  above r e s u l t  €or  I) ( + , I C ) .  

Reca l l ing  t h a t  $ ($,S) i s  t h e  f l u x  d e n s i t y  i n c i d e n t  
from $ i n  d + ,  and t h a t  I/J ($,XI i s  t h e  f r a c t i o n  of t h e  
f l u x  which reaches X without c o l l i d i n g  wi th  t h e  w a l l ,  and 
t h a t  JI ( $ , X )  is  t h e  p r o b a b i l i t y  t h a t  a molecule reaches  
X ,  a long  + wi thou t  c o l l i d i n g  wi th  a d i f f u s e  gas  molecule,  
t hen  t h e  t o t a l  f l u x  which reaches X (wi thout  encounter ing  
a gas-wall  or a gas-gas c o l l i s i o n )  i s  

3 

1 

2 

3 

This  i s  t h e  r e l a t i o n  r equ i r ed  t o  determine t h e  d e n s i t y  i n  
t h e  undis turbed  atmosphere from m a s s  a n a l y s i s  measurements 
of t h e  sampler e x i t  beam which e n t e r s  t h e  ana lyze r .  
ematical approximations have been made i n  d e r i v i n g  t h i s  
r e l a t i o n .  
I t  can,  of c o u r s e , b e  evaluated numerical ly .  Eventua l ly ,  it 
w i l l  be r e q u i r e d  t h a t  a value f o r  F ( S , X )  be known for  a l l  

X such t h a t  O < x < X  , where XmaX i s  t h e  a c t u a l  l e n g t h  t o  

d iameter  r a t i o  of t h e  probe tube .  For each r equ i r ed  F ( S , X ) ,  

0 
N o  math- 

This  i n t e g r a l  c a n n o t  be eva lua ted  a n a l y t i c a l l y .  

m a x  - -  
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a new va lue  m u s t  be c a l c u l a t e d  from t h e  i n t e g r a l  expres s ion  
f o r  F ( S , X )  with t h e  upper l i m i t  changed t o  the  a p p r o p r i a t e  
va lue  of X. 

p r e s s i o n  f o r  t h e  f r a c t i o n  of t h e  f l u x  i n c i d e n t  on t h e  tube  
e n t r a n c e  which i s  t r a n s m i t t e d  t h r u  t h e  tube  e x i t ,  u n s c a t t -  
e r e d .  This  t ransmiss ion  func t ion  i s  g iven  by 

I t  i s  sometimes convenient  t o  have a dimensionless  ex- 

, 

where both  numerator and denominator are obta ined  f r o m  t h e  
above i n t e g r a l  expres s ion ,  eva lua ted  a t  t h e  a p p r o p r i a t e  l i m i t s .  

f l u x  t r a n s m i t t e d  t h r u  t h e  tube ,  t h e  i n t e g r a n d  depends on t h e  
i n t e g r a l  over  t h e  d i f f u s e  g a s  d e n s i t y  d i s t r i b u t i o n  i n  t h e  
tube ,  as may be  seen from J, ($,X). The e q u i l i b r i u m  d e n s i t y  

3 
d i s t r i b u t i o n  wi th in  t h e  tube  may be determined by apply ing  
t h e  d i f f u s i o n  equa t ion  t o  t h e  d i f f u s e  g a s  gene ra t ed  w i t h i n  
t h e  tube ,  by providing a g a s  source  t e r m  i n  t h e  equa t ion  
which corresponds t o  the h igh  v e l o c i t y  stream loss ( p a r t i c l e  
c o n s e r v a t i o n ) .  
i s  

I n  t h e  above i n t e g r a l  expres s ion  f o r  t h e  high v e l o c i t y  

The a p p l i c a b l e  form of t h e  d i f f u s i o n  equa t ion  

(21) 
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where n ( x ) S d i f f u s e  gas d e n s i t y  a t  x, and %mean thermal  
v e l o c i t y  of t h e  d i f f u s e  g a s  i n  t h e  tube .  
of t h e  h igh  v e l o c i t y  stream on t h e  r i g h t  i s  t h e  magnitude 
of  t h e  loss from t h a t  stream i n  u n i t  l eng th  of t h e  tube .  
This  loss i s  t h e  r e s u l t  o f  both gas-wall  and gas-gas scat- 
t e r i n g  w i t h i n  t h e  tube .  I n  both c o l l i s i o n  p rocesses ,  it 
i s  assumed t h a t  a h igh  v e l o c i t y  molecule which encounters  
t h e  w a l l  o r  a d i f f u s e  g a s  molecule i s  immediately removed 
f r o m  t h e  high v e l o c i t y  stream and converted t o  a d i f f u s e  
g a s  molecule.  
sou rce  of d i f f u s e  gas  i n  u n i t  l eng th .  The boundry cond i t -  
i o n s  a p p r o p r i a t e  t o  t h e  above equa t ion  i n  t h i s  a p p l i c a t i o n  

The f l u x  g r a d i e n t  

Thus, t h e  term on t h e  r i g h t  above i s  a l so  t h e  

a r e  t h a t  t h e  d i f f u s e  g a s  d e n s i t y  d i s t r i b u t i o n  w i t h i n  t h e  
tube  approaches ze ro  a t  t h e  tube  e n t r a n c e  and a t  t h e  tube  
e x i t .  
d i f f u s e  gas density outside t h e  tube  i s  s u f f i c i e n t l y  l o w  

Th i s  corresponds t o  the  p h y s i c a l  a s s e r t i o n  t h a t  t h e  

0 
t h a t  back d i f f u s i o n  may be neglected.  Under these condi- 

t i o n s  t h e  s o l u t i o n  t o  t h e  above equa t ion  i s  

where 
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and ;:mean thermal velocity of the diffuse gas in the 
tube, assumed to be in thermal equilibrium with 
the tube. 

. 

At this point an expression has been developed for the 
high velocity flux distribution in the tube which depends on 
the diffuse gas density distribution in the tube, and an 
expression for the diffuse gas density distribution has 
been developed which depends on the high velocity flux dis- 
tribution in the tube. These two equations, the above 
equation for n(X) and the previous integral equation for 
F(S,X), must be solved as a system. An efficient way to 
solve this system is by successive iteration. This pro- 
cedure begins by considering an empty tube in which 
n(x) = 0. Then obtaining a 1st approximation for the high 
velocity flux distribution F (S,X) . This solution accounts 

1 
for gas-wall scattering only. F (S,X) is then inserted in 
the expression for n(X) and a 1st approximation for the 
diffuse gas density distribution in the tube,. n (X) is 
obtained. The procedure is then repeated and a 2nd approx- 
imation for the flux F (S,X) is obtained by using n (X) 
in the integral expression for F(S,X) and then using 
F (S,X) to calculate a 2nd approximation to the diffuse gas 
density distribution, n (X). The process is repeated until 
successive iterations yield results which do not differ by 

1 

1 

2 1 

2 

2 
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more than a prescribed amount corresponding to the desired 
accuracy of the final solution. 

These results are exact in the sense that no mathe- 
matical approximations have been introduced, the only approx- 
imation in the entire system is in the molecular collision 
model used and consists of t h e  assumption that complete 
energy accommodation occurs in collisions involving high 
velocity molecules. While this is not a good approximation 
to existing experimental data on high velocity molecular 
scattering, it is conservative in the sense that it leads 
to a substantial overestimate of the diffuse gas density 
in the sampler tubes which necessarily overestimates the 
attenuation of the transmitted beam by gas-gas scattering 
and therefore substantially underestimates the maximum 
density in the undisturbed atmosphere at which the sampler 
can operate with precision. 
which does not require this assumption is discussed later. 

A possible alternate model 0 
In Appendix A some analytical approximations to the 

above results have been worked out which may be used, under 
certain conditions, to estimate the sampler unscattered 
exit flux and other gas dynamic parameters with relatively 
modest computational labor. 

that the unscattered exit beam from the sampler is linearly 
Calculations based on these analytical results imply 

* 
The assistance and contribution of Ira Kohlberg (Keystone 

Computer, Inc.) in discussions leading to the formulation of 
the above analytical model is gratefully acknowledged. 29 



related to the undisturbed atmospheric density down to about 
39 Km (118000 ft) above the Mars surface (using VM8 as the 
model atmosphere and taking the entry craft velocity as 
3.94 Km/sec (12000 ft/sec)). 

3.2 Thermal Flux Analysis 

The molecular flux incident on the sampler has a high 
enthalpy relative to the sampler. Since the entry craft speed 
is large compared to the mean thermal velocity of the undis- 
turbed atmosphere, the molecular enthalpy, relative to the 
probe, is substantially 

( 2 4 )  
1 H = p u 2 ,  

where mEmolecular mass, and u-entry craft speed. The PV 
term has been neglected since the gas pressure is negligible. 
Since the molecular flux which is transmitted thru the tubes 
unscattered, delivers no energy to the sampler, the average 
number of molecules incident on unit projected area of the 
sampler in unit time, is 
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where n=local, undisturbed molecular number density. 

sampler, associated with the enthalpy of the incident mole- 
cular flux is 

Therefore the average power density incident on the 

W i 

where p,=undisturbed local mass density. It has again been 
conservatively assumed that the energy accommodation coeffic- 
ient is unity. 
along the sampler tube, but the physical dimensions of the 
tube are so small that the power density may be considered 
uniform with negligable error. 

The incident power density is not uniform 

The principal mode of heat loss from the sampler tubes 
is by radiation. The radiation power density is 

w 1: = &oT4, ( 2 7 )  

where Ezeffective emissivity, and a-Stefan-Boltzmann con- 
stant. 
small diameter to length ratio is approximately 1. Both ends 
of the tube bundle radiate equally and it is probable that 
most of the side wall of the bundle will be used as structural 
mounting. Therefore the equilibrium temperature of the tube 

The effective emissivity of a bundle of tubes having 
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bundle is that for which the total power radiated from both 
ends of the bundle equals the incident power. From the above 
equations then 

( 2 8 )  
2UT4= --p 1 u3[1-T(S,XM) 1 .  

2 m  

Taking 150OOK as the maximum allowable sampler temper- 
ature, and the entry craft velocity as u = 3.9 Km/sec, and 
T(S,XM) 
sampler can operate without exceeding its temperature limita- 
tion) of about 4.2 x 10-*gm/cm3. This corresponds to a 
height of about 38 Km(116,OOO ft.) for model atmosphere VM-8. 

operating altitude with maximum allowed temperature may be 
obtained by taking the sampler temperature .limit to be 1700OK. 
If the other parameters are held fixed the minimum operating 
height is then 35Km(106,000 ft). 

These numbers are probably excessively conservative 
since they are based on an energy accommodation coefficient 
of unity, and high velocity scattering data implies that the 
actual value of the energy accommodation coefficient is much 
nearer zero than unity for low angles of incidence. For the 
high velocity flux incident on the tube walls at the low 
angles of incidence under consideration here, an energy accom- 
modation coefficient of 0.1 is probably more realistic. The 

.5, gives a maximum mass density (at which the 

Some appreciation of the rate of change of this minimum 
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last equation should then be written 

- 2aT4 = -p 1 u3[1-T(S,XM)laE 
2 m  I (299 

- 
where aE-energy accommodation coefficient (average). Taking 
a = 0.1 and again taking 1500'K as the maximum operating 
temperature and u = 3 . 9  Km/sec, and T(S,XM) = .5, the mini- 
mum operational altitude for the sampler is 27Km(82,000 ft). 

- 
E 

3 . 3  Continuum Flow Effects 

The altitude at which continuum flow effects, such as 
as shocks and pressure gradients become important may be 
estimated by calculating the density at which the mean free 
path in the undisturbed atmosphere 1 s  comparable to the 
diameter of the sampler tubes. The maximum number density 
at which the sampler may be operated is then 

1 n =  I 

2nar 
(309 

where a-collision cross-section , (41'rR') , 
R-molecular radius, and r-tube radius. 
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Taking VM-8 as the model atmosphere and the tube radius 
r = 5 x 10-3cm, then the minimum height at which the sampler 
is operable with respect to continuum flow constraints, is 
about 19Km(58,000 ft). It is of course, assumed that in the 
design of the sampler support and mount, proper weight is 
given to the need for maintaining the support diameter small 
at the point of attachment to the sampler. It is also as- 
sumed that the support structure protrudes sufficiently far 
forward of the entry craft that the sampler is clear of any 
shock waves associated with the entry craft, which will ap- 
pear at substantially higher altitudes. 

3 . 4  Pumping Requirements 

Since the entry craft velocity is much greater than the 
mean thermal velocity of the diffuse gas which accumulates 
in the sampler support structure, an aft-facing exhaust port 
is an efficient pump. The gas inside may diffuse out, but 
only a negligable fraction of the molecules outside have 
velocity components such that they can enter the port. 
the gas flux incident on the sampler inlet has a much higher 
velocity than the mean velocity of the diffuse gas effusing 
overboard thru the exhaust ports, the effective conductance 

Since 
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of the exhaust system must be larger by many orders of 
magnitude than that of the sampler if the diffuse gas den- 
sity within the support structure is to be maintained s ~ € -  
ficiently low that attenuation of the transmitted beam by 
gas-gas scattering is negligable. It turns out that this 
requirement can be well satisified, since the inlet area 
is quite small. 

The use of several beam limiting apertures divides the 
volume of the sampler support into several compartments. 
Each compartment must be provided with an exhaust port. The 
diffuse gas component effusing from the sampler exit is 
distributed over a much larger angle than the transmitted 
beam. The combination of limiting apertures and exhaust 
ports thus minimize the flux of diffuse gas entering the 
analyses compartment. Based on existing data for the 
angular distribution of the diffuse flux from the sampler 
exit and an analytic estimate of the diffuse gas density 
distribution within the sampler tubes, it is expected that 
the ratio of diffuse flux to unscattered flux entering 
the analysis compartment will be less than a few percent. 

a 

i 
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4 .  CONCLUSIONS 

(“A number of general classes of gas sampling systems 
have been reviewed with respect to their applicability and 
practicability for use on a high speed entry craft to in- 
vestigate the atmosphere of Mars. It is concluded that a 
sampler consisting of a bundle of small diameter tubes hav- 
ing a moderate length-to-diameter ratio, which directs an 
unscattered molecular beam into the analyzer, has the high- 
est probability of obtaining an exact sample of the undis- 
turbed atmosphere and maintaining it unaltered and uncon- 
taminated until delivered to the analyzer. 

in analytical terms, the high velocity, free molecular flow 
thru the sampler. In particular, the theory yields an ex- 
pression for the unscattered exit flux from the sampler. 
This relation may be used to interpret the measured mass 
spectrum of the unscattered beam in terms of the relative 
abundance and absolute molecular density in the undisturbed 
atmosphere. 
Mnge of operation and becomes only slightly inexact near 
$he low altitude limit of operation. 

Using the theory that has been developed, taking a 

A theoretical model has been developed, to describe 

The relation is exact over most of the useful 
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I .  

c 

ALTITUDE LIMIT (Km) 
EFFECT 

THEORY (CONSERVATIVE) PROBABLE 

Gas-gas s c a t t e r i n g  39 less than  30 
G a s  en tha lpy  h e a t i n g  38 less than  25 
Near FMF L i m i t  19 less than  19 

t ube  d iameter  of 1 0 - 2 c m  as t h e  p r e s e n t  s t a t e  of t h e  a r t ,  and 
t a k i n g  VM-8 as t h e  model atmosphere and 3.94 Km/sec ( 1 2 0 0 0  

f t /sec) as t h e  e n t r y  v e l o c i t y ,  t h e  a l t i t u d e  down t o  which t h e  
sampler performs i t s  func t ion  s a t i s f a c t o r i l y  has  been cal- 
c u l a t e d  wi th  r e s p e c t  t o t h e  p r i n c i p a l  l i m i t i n g  effects .  In 
t h e  table below, t h e  important  l i m i t i n g  e f f e c t s  are l i s t e d  
on t h e  l e f t  and the  a l t i t udes  below which t h e y  begin t o  
l i m i t  t h e  performance of t h e  sampler are t a b u l a t e d  i n  t h e  
middle column. S ince  t h e  t h e o r e t i c a l  model used is conserv- 
a t ive ,  a more rea l i s t ic  e s t ima te  i s  given i n  t h e  r i g h t  column 
of  t h e  probable  l i m i t i n g  a l t i t u d e s  (based on a judgment of 
t h e  magnitude of conservat ism i n h e r e n t  i n  t h e  s c a t t e r i n g  
model u s e d ) .  

1 1 I 
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All these limits may be lowered by decreasing the size 
of the sampler tubes, however, the gas enthalpy heating 
limit is rather insensitive to this action. 

It is concluded from these results that the unscattered 
molecular beam-forming sampler performs its function correctly 
and satisfactorily over the major part of the entry trajec- 
tory and comparative evaluation indicates that it is substan- 
tially superior in performance to other techniques investigated. 

5. RECOMMENDATIONS 

1. Since the theoretical model developed in this inves- 
tigation fo r  the unscattered exit flux from the sampler is 
found to be very useful in predicting the dynamic perform- 
ance of the sampler and the performance range of the sampler, 
and since it appears that the performance range will be 
limited in practice by gas-gas scattering within the sampler 
tubes, it is recommended that the study be continued along 
a similar course but include a more accurate treatment of 
the energy accommodation coefficient. 

It is expected that a specular reflection model, rather 
than the diffuse reflection model used in this investigation, 

38 



will yield a more accurate prediction of the useful range 
(limiting altitude) of the sampler and give a more accurate 
relation between the measured mass analysis and the mole- 
cular density in the undisturbed atmosphere near the limit 
of operation, 

design, fabrication, and assembly of a sampler be investi- 
gated by building a prototype sampler using the smallest 
tube now available in any satisfactory material, During 
execution of this work, particular attention should be given 
to evaluating the practicability of using even smaller tubes 
in the sampler, 

3 ,  There are a number 0% problems connected with the 
performance of t he  sampler which do not appear to be alto- 
gether amenable to analytical treatment, These include 
such problems as evaluating the temperature distribution 
within the sampler and the changes in temperature distri- 
bution as a function of small, abrupt changes in angle of 
attack, under the influence of a high enthalpy flux density,, 

changes in temperature distribution may have on dimensional 

maximum allowable operating temperature for a given material 
cannot be established with satisfactory confidence in such 

2 ,  It is recommended that the problems connected with 

0 

I, 
I 

An important related question concerns the effect that 

I stability and the internal stress distribution, Even the 
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a complex structure, based only on theory,, Further, the 
structural stability of the sampler at or near its maximum 
operating temperature, under dynamic entry conditions at 
relatively low altitude, with a time varying angle of 
attack and temperature distribution, is a formidable prob- 
lem, probably more amenable to assault by experiment than 
theoretical analysis,, 

problems experimentally, since only under experimental 
conditions closely approximating the anticipated flight 
conditions can practical solutions be developed with high 
confidence, The most direct and efficient experimental 
approach is to test, evaluate, and study the performance 
of a sampler in the high density flux of a "hot" molecular 
beam, (Hot, as used here, implies an effective total temp- 
erature of the order of 50,000°K), It is therefore recon- 
mended that the feasibility of using a hot molecular beam 
to experimentally evaluate the sampler performance, limita- 
tions and behavior under realistic conditions be investi- 
gated 

It is considered preferable to attack these and similar 
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A P P E N D I X  A 

UNSCATTERED FLUX APPROXIMATE ANALYSIS 

For l<<X<<S,  t h e  unsca t t e red  e x i t  f l u x  F(S,X) may 
be approximated a n a l y t i c a l l y .  Th i s  cond i t ion  impl i e s  t h a t  

and 
[1 + t a n 2 ~ 1 J i  = 1 , 

from which it follows t h a t  

and 

and 
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X 
..a - 2 r U / n ( X ’ )  d X ’  
J, ($,XI = e 0 

3 

.-- 
Under t h e  above cond i t ion  $ i s  independent of $. ($ ,SI  

may be s i m p l i f i e d  f u r t h e r ,  s i n c e  f o r  l a r g e  S, both  
3 1 

-S2 
e and S 2 c s 2  are n e g l i g a b l e  compared t o  1, and e r f ( S ) - 1 .  
A l s o ,  t h e  f a c t o r  (@S2) may be r ep laced  wi th  S2 wi thout  i n -  
t roduc ing  a s u b s t a n t i a l  error .  
w r i t t e n  

Therefore, $1 (4 ,s )  may be 

Combining t h e s e  approximations,  t h e  u n s c a t t e r e d  e x i t  f l u x  
may be w r i t t e n  

X 
- 2 r O / n ( X ’ ) d X ’  

~ ( s , x )  = 2rr2nvms 

x- 
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a 
F i n a l l y ,  t h e  a n a l y t i c a l  approximation f o r  
w r i t t e n  ( a f t e r  i n t e g r a t i n g  by p a r t s )  

F ( S , X )  may be 

where 

and 

- I  z = s x  , (A8 1 

The t o t a l  f l u x  i n c i d e n t  on the  tube  e n t r a n c e  may be e v a l -  
u a t e d  e x a c t l y  

But fo r  S > > 1 ,  F ( S , O )  may be w r i t t e n  approximately I 

-. 
( A l l )  F ( S , O )  2 r r2nv  s 

Therefore  t h e  a n a l y t i c a l  approximation f o r  t h e  f r a c t i o n  of 

m 
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the flux transmitted through the tube (without gas-wall 
or gas-gas scattering) is 

For large S ,  and an empty tube, the numerical evalua- 
tion of the integral expression for F(S,X) for a fixed S 
and a number of values of X within the range OfX<lO yields 
data for T(S,X) which may be approximated by an exponential 
function of the form 

-BX 
'TS(X) = e . 

Since it is the integral of TS(X) which is of interest here, 
this is a satisfactory approximation. 8 is evaluated by 
fitting this function to the analytical approximation for 
the transmission function above, at XM 
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from which it follows that 

evaluated at Z = SX;’. (A161 
I 

Now that B has been evaluated, the integrable approxi- 
mation for the transmission function, Eq(A13), may be sub- 
stituted into Eq(22) to obtain the diffuse gas density 
distribution within the tube 

where 

and 



S u b s t i t u t i n g  f o r  TS (X) f r o m  Eq. (A13) and i n t e g r a t i n g ,  
gives 

T h i s  d i f f u s e  gas d e n s i t y  d i s t r i b u t i o n  w i t h i n  t h e  tube  re- 
s u l t s  from t h e  f l u x  i n c i d e n t  on t h e  tube  e n t r a n c e  which 
i s  s c a t t e r e d  of f  t h e  tube  w a l l .  The 1st o r d e r  effect  of 
t h e  d i f f u s e  gas w i t h i n  t h e  tube  i s  t o  a t t e n u a t e  t h e  t r a n s -  

m i t t e d  f l u x  by gas-gas s c a t t e r i n g .  Rather  t h a n  c a l c u l a t e  
t h e  magnitude of the  a t t e n u a t i o n ,  it i s  more u s e f u l  t o  
c a l c u l a t e  the  d e n s i t y  which produces a p r e s c r i b e d  a t t enua -  

t i o n .  
s c a t t e r i n g  i s  n o t  allowed t o  exceed 1 0 % .  

Suppose t h a t  t h e  e x i t  beam a t t e n u a t i o n  by gas-gas 
Then 

xM 
-2roj n(X)dX 

0 . 9  = e 0 

I n t e g r a t i n g  ;(XI and t a k i n g  t h e  logar i thm g i v e s  

1 6 r a n u  1 I 
71V " I  
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a 

For 
gives 

X M = 5 ,  and using Eq(A15) evaluated at z=3.5 

thus 

J 1  - -  IT 
(16)(5.26) u ro ' n =  

and taking 

8 2- -15 2 a = ~ ( 3 . 2 4  x 10- ) - 3.3 x 10 cm I 

u = 3.94 x 105cm/sec I 

= .855 x 105cm/sec 'IT = 1500 
M = 4 4  I 

(A231 

(A251 

r = 5 x 1 0 - ~ ~ ~  I (A291 

it then follows that the maximum allowed molecular density 
in the undisturbed atmosphere is 

47 



n = 4.92 x 1 0 1 4 ~ ~ - ~ .  (A30) 

Using VM-8 as the model atmosphere, the corresponding mass 
density is 

= 3.62 x lO-*gm/cm 3 

which corresponds to a height of about 39 Km. 
The maximum density in the tubes may be evaluated by 

dn(X) = 0 for X and substituting this value of 

as the value of X at which 
dX solving 

x back into n(X) . Defining 
n(X) passes thru its maximum, it follows that 

or 

Substituting this value for 2 into ;(XI gives 
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(A341 ‘ W A  8 u  = n(X)=(.243)5i- n ~ 1 Max V 

Using the values from Eqs. (A279, ( A 2 8 )  and ( A 3 0 )  f o r  u, 
V, and n gives f o r  the maximum diffuse gas density in the 
tube 

i%ii = 1.89 1 0 1 5 ~ ~ - ~ .  (A3 5 ) 

If the diffuse gas mean free path, evaluated at this 
maximum diffuse density in the tube, is small compared to 
2r, then the diffuse gas denisty distribution within the 
tube is controlled by free-molecular-flow diffusion. The 
minimum mean free path of a gas molecule in equilibrium 
with the tube temperature is 

1 A =  min f i o n < i i )  
I 

and using the values previously determined, gives 

(A3 6 1 

h = 0.114 cm , min 
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and 

11.4. min - x 
2r 
7-  

Therefore,  A m i n  could be decreased by about an order 

of magnitude (;(E) increased by an order of magnitude) 
be fore  continuum f l o w  effects become important.  

a 
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